The purpose of this study was to elucidate the effect of increasing inspiratory muscle work on blood flow to inactive and active limbs. Healthy young men (n = 10, 20 ± 2 years of age) performed two bilateral dynamic knee-extension and knee-flexion exercise tests at 40% peak oxygen uptake for 10 min. The trials consisted of spontaneous breathing for 5 min followed by voluntary hyperventilation either with or without inspiratory resistance for 5 min (40% of maximal inspiratory mouth pressure, inspiratory duty cycle of 50% and a breathing frequency of 40 breaths min −1 ).
INTRODUCTION
The hyperpnoea of heavy exercise causes a considerable increase in respiratory muscle work, which is associated with blood flow redistribution during exercise (Dempsey, 2012; Harms et al., 1998) .
The respiratory muscle-induced redistribution of blood flow has been termed the 'respiratory muscle metaboreflex' (Dempsey, Romer, Rodman, Miller, & Smith, 2006; Sheel, Boushel, & Dempsey, 2018) . The working hypothesis is that ventilation during high-intensity exercise leads to metabolite accumulation in the diaphragm and compromised leg blood flow via a sympathetically mediated vasoconstrictor reflex.
There are three lines of evidence that support this hypothesis. First, during high-intensity whole-body exercise, when respiratory muscle work is decreased or increased experimentally, blood flow to active c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society legs is increased and decreased, respectively (Dominelli et al., 2017; Harms et al., 1997) . The changes in leg blood flow are accompanied by corresponding increases and decreases in noradrenaline (Harms et al., 1997) . The change in leg blood flow (and limb vascular resistance) that results from the manipulation of respiratory muscle work implies a competitive relationship between locomotor and respiratory muscles for a finite cardiac output (CO). Second, in anaesthetized rats, fatiguing contractions of the diaphragm and the associated accumulation of metabolites results in a twofold increase in type IV afferent discharge (Hill, 2000) . Third, when humans perform inspiratory or expiratory efforts against resistive loads to the point of task failure, there are increases in muscle sympathetic nerve activity (Derchak, Sheel, Morgan, & Dempsey, 2002; Katayama, Itoh, Saito, Koike, & Ishida, 2015; Katayama, Iwamoto, Ishida, Koike, & Saito, 2012; St Croix, Morgan, Wetter, & Dempsey, 2000) , and reduced leg blood flow and increased leg vascular resistance in resting conditions (Sheel et al., 2001) . Does this respiratory muscle-induced increase in sympathetic vasoconstrictor outflow elicit changes in blood flow to the active limb during submaximal dynamic leg exercise, i.e. in conditions where CO is not limited ? Wetter, Harms, Nelson, Pegelow, and Dempsey (1999) addressed this question by measuring leg blood flow (thermodilution) during submaximal leg cycling in conditions of reduced and increased respiratory muscle work, and blood flow to the active limb was unchanged. This was interpreted to mean that the absence of a change in leg blood flow was attributable to the fact that the load placed on the respiratory muscles was insufficient to elicit the respiratory muscle metaboreflex (Wetter et al., 1999) . Therefore, it is unclear whether blood flow to the active limb is altered when the respiratory muscle metaboreflex is activated during submaximal exercise. As such, the purpose of the present study was to determine the effect of increasing inspiratory muscle work on blood flow to inactive and active limb muscles during submaximal exercise in healthy humans. We hypothesized that, based on the role of sympathetic control of blood flow redistribution, blood flow to the inactive limb would be reduced, whereas blood flow to active limb would be maintained when the respiratory muscle-induced metaboreflex was activated. To this end, we recorded cardiovascular variables and blood flow to the brachial (inactive limb) and femoral (active limb) arteries during mild dynamic leg exercise with or without inspiratory resistance.
METHODS

Ethical approval
This study was approval by the Institutional review board of the Nagoya University Graduate School of Medicine (approval no. 2016-0030 ) and conformed to the standards set by the Declaration of Helsinki except for registration in a database. All subjects were informed about the experimental procedures and potential risks involved and provided written and verbal informed consent.
Subjects
Ten healthy males participated in this study. Physical characteristics were as follows: age 20 ± 2 years, height 170 ± 4 cm and body mass 59 ± 5 kg (means ± SD). All were non-smokers with no history of respiratory or cardiovascular disease.
Experimental procedures
All experiments were performed at a constant temperature of 22-24 • C. On day 1, measurements of pulmonary function and inspiratory muscle strength were performed. Subjects were then familiarized with the exercise apparatus; the subjects were instructed how to extend laterally and hold their arms during bilateral dynamic knee-extension and knee-flexion exercise such that blood flow measures could be
New Findings
• What is the central question of this study?
Increased respiratory muscle activation is associated with neural and cardiovascular consequences via the respiratory muscle metaboreflex. Does increased sympathetic vasoconstriction originating from the respiratory musculature elicit a reduction in blood flow to an inactive limb in order to maintain blood flow to an active limb?
• What is the main finding and its importance?
Arm blood flow was reduced whereas leg blood flow was preserved during mild leg exercise with inspiratory resistance. Blood flow to the active limb is maintained via sympathetic control of blood flow redistribution when the respiratory muscle-induced metaboreflex is activated.
obtained. Exercise was performed using a custom-designed ergometer (Takei Scientific Instruments Co., Ltd, Niigata, Japan) (Endo et al., 2005) . Each foot was placed in an Achilles-bracing heel-cup attached, by a long steel rod, to the pedal arm of an electromagnetically braked cycle ergometer (Aerobike 75XLII; Combi, Tokyo, Japan) positioned behind the seated subject. The ergometer had an adjustable-seated backrest, and subjects were positioned in a semi-supine position with a hip angle of 150 deg. One complete turn of the pedal arm required the knee to extend from 90 to ∼135 deg (Endo et al., 2005) . The alternate movement of both legs required smoothly coordinated and continuous movement in a similar manner to that of standard cycle ergometer (Endo et al., 2005 On day 3, two preliminary submaximal exercise tests were performed for subjects to practise how to control their breathing during exercise with and without the inspiratory resistance. The time course of the experiment is presented in Figure 1 . First, the subjects rested for 5 min (rest, spontaneous breathing). Then, submaximal exercise was performed. Exercise intensity was set at 40% V O 2 peak (33 ± 7 W). During the first 5 min of exercise, the subjects breathed spontaneously (exercise, spontaneous breathing; Ex-SB), and during the next 5 min, the subjects were asked to control their breathing with or without inspiratory resistance (exercise, voluntary hyperventilation; Ex-VH). During the Ex-VH, breathing frequency (f b ) was maintained at 40 breaths min −1 , and the inspiratory and expiratory durations of one breath cycle were each set at 0.5 s via auditory feedback from the metronome. Tidal volume was regulated to be twice the baseline tidal volume (V T ), and the target V T during 
Pulmonary function and respiratory muscle strength
Pulmonary function [vital capacity (VC), forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1.0 , FEV 1.0 /FVC%) and maximal voluntary ventilation in 12 s (MVV12)] was assessed using a computerized spirometry system (AS-507; Minato Ikagaku, Osaka, Japan). Spirometric measurements were repeated three times, and the highest values were selected (Miller et al., 2005) . The MVV12 was measured twice, and the higher value was accepted. The values of PI max were assessed using a hand-held mouth pressure meter (AAM337; Minato Ikagaku) connected to a computerized spirometry system. The PI max was taken from residual volume, and the maximal value of three manoeuvres that varied by <10% was recorded (ATS/ERS, 2002).
Respiratory variables 2.5.1 Maximal exercise test
During the maximal exercise test, expired minute ventilation (V E ),V O 2 and carbon dioxide production (V CO 2 ) were determined using a previously described method (Katayama et al., , 2015 . Subjects breathed through a facemask attached to a Fleisch pneumotachometer (PN-230; Arco Systems, Chiba, Japan). The pneumotachometer was connected to a device equipped with a one-way, low-resistance valve with a dead space of ∼150 ml.
Sample gas was drawn through a sampling tube connected to the pneumotachometer to measure the expired gas fraction. Gas fractions were analysed by a mass spectrometer (ARCO-1000; Arco Systems). The signals from the pneumotachometer and gas analyser were sampled at a frequency 1000 Hz through an analog-to-digital converter and were stored on a personal computer (PC-9821Ra40;
NEC, Tokyo, Japan) for analysis using customized computer software.
Arterial oxygen saturation (S pO 2 ) was estimated using a finger pulse oximeter (Radical 7; Masimo, Irvine, CA, USA).
Submaximal exercise test
The flow signal from the pneumotachometer (PN-230; Arco Systems) was connected to a computer through an analog-to-digital converter (CSI-320416; Interface, Hiroshima, Japan). The sample gas was drawn through a sampling tube inserted into the mouthpiece to measure the fractions of end-tidal O 2 and CO 2 (F ET,O 2 and F ET,CO 2 , respectively)
by means of a mass spectrometer (ARCO-2000; Arco Systems).
The signals from the pneumotachometer, gas analyser and pulse oximeter were sampled at a frequency of 200 Hz through an analogto-digital converter (CSI-320416; Interface) and were stored on a personal computer (CF-F8; Panasonic, Osaka, Japan) for analysis using customized computer software.
Cardiovascular variables
An ECG was measured using a three-lead electrocardiograph (AB-621; Nihon Koden, Tokyo, Japan) during all exercise tests, and heart rate (HR) was determined from each R-R interval obtained.
Beat-to-beat arterial blood pressure ( by the same investigator using automated custom-designed automatic edge-detecting and wall-tracking software (S-13037 version 2.0.1.; Takei Scientific Instruments Co., Ltd, Niigata, Japan) (Iwamoto, Bock, & Casey, 2018) . From the synchronized arterial diameter and anterograde, retrograde and mean blood velocity data, anterograde blood flows were calculated as 60 × blood velocity × cross-sectional area (Iwamoto et al., 2018; Iwamoto, Katayama, Oshida, & Ishida, 2012; Iwamoto, Katayama, Yamashita, Oshida, & Ishida, 2013) . Withinday coefficients of variation for brachial artery blood flow were 3.8% (range 0.6-10.9%) at rest and 4.6% (range 2.2-6.8%) during exercise. Femoral artery blood flow coefficients of variation were 2.6% (range 0.5-6.0%) and 3.8% (range 2.3-5.7%) at rest and during exercise, respectively. Vascular conductances for the arm and leg were calculated as blood flow/MAP.
Statistical analysis
Values are expressed as means ± SD. The measurement variables during the submaximal exercise test were averaged every 1 min. For all data, the assumption of normal distribution was verified using a Kolmogorov-Smirnov test. Comparisons of parameters between resistance and non-resistance trials were performed using Student's paired t test if the distribution was regular. When the distribution was not normally distributed, the Wilcoxon test was used. Comparisons between the resistance and non-resistance trials were analysed using one-way analysis of variance with repeated measures (one-way ANOVA RM) and Dunnett's test (from baseline and from 5 min of Ex-SB). Changes in the variables during the resistance and non-resistance trials were achieved using two-way ANOVA RM (time × trial). The SPSS 11.5 statistical package (SPSS, Tokyo, Japan) was used for all statistical analysis. A value of P < 0.05 was considered significant.
RESULTS
Pulmonary function and respiratory muscle strength
Pulmonary function and respiratory muscle strength were as follows: 
Maximal exercise test
Cardiopulmonary variables at exhaustion during the maximal exercise test were as follows:V O 2 = 1.7 ± 0.2 l min −1 and 29.7 ± 5.4 ml kg −1 min −1 ,V E = 57.3 ± 3.5 l min −1 , HR = 161.6 ± 6.4 beats min −1 and S pO 2 = 96.6 ± 0.6%.
Submaximal exercise test
Respiratory variables
The V T , f b andV E increased significantly during the Ex-SB and increased further during the EX-VH with or without inspiratory resistance during the resistance and non-resistance trials, as expected (Table 1) . The end-tidal partial pressure of O 2 (P ET,O 2 ) and S pO 2 increased significantly during Ex-VH in each trial, and P ET,CO 2 was maintained at isocapnic levels. There were no significant differences in changes in all respiratory parameters between resistance and nonresistance trials (Table 1) .
Cardiovascular variables
Changes in cardiovascular variables during the experiment are shown in Table 2 . Heart rate increased during the Ex-SB, and HR during the Ex-VH showed a further increase in each trial. The magnitude of the increased HR during the Ex-VH with inspiratory resistance was greater than that without resistance.
Mean values of SBP and DBP are shown in Table 2 , and MAP is indicated in Figure 2 . In the non-resistance trial, SBP and MAP 
Blood flow and vascular conductance
At the onset of Ex-SB, blood flow in the brachial artery decreased compared with resting levels and returned to resting levels in both trials (Figure 3a) . During the Ex-VH, blood flow in the brachial artery increased gradually in the non-resistance trial, whereas it decreased again in the resistance trial. Anterograde (positive) blood flow in the brachial artery increased significantly during Ex-VH in the non-resistance trial, whereas no significant increase was found in the resistance trial (Table 3) Table 3 ). Similar to mean blood flow, forearm vascular conductance decreased at the onset of Ex-SB and returned to resting levels ( Figure 4a ). During the Ex-VH, forearm vascular conductance increased in the non-resistance trial, whereas it decreased in the resistance trial.
Mean blood flow in the femoral artery increased significantly during Ex-SB in both trials, and no further increase in mean blood flow was found during Ex-VH in each trial (Figure 3b) . Anterograde blood flow in the femoral artery increased significantly during Ex-SB in each trial, and a further increase in anterograde blood flow in femoral artery was found during Ex-VH in the resistance trial (Table 3) . Retrograde blood flow in the femoral artery did not change significantly during Ex-VH in the non-resistance trial, whereas a significant negative increase in retrograde blood flow in the femoral artery was found during Ex-VH with inspiratory resistance (Table 3 ). There were no significant differences in mean, anterograde and retrograde blood flows during the experiment between non-resistance and resistance trials.
Leg vascular conductance increased significantly during Ex-SB in both trials (Figure 4b ). During Ex-VH in the non-resistance trial, no further change in leg vascular conductance was found, whereas it tended to decrease in the resistance trial. The leg vascular conductance during Ex-VH was lower in the resistance trial relative to the non-resistance trial. There was a significant difference in leg vascular resistance during the experiment between the non-resistance and the resistance trial.
Dyspnoea
The RPE dyspnoea scores increased significantly from baseline to Ex-SB in the non-resistance and resistance trials (Table 1) . Further increases in dyspnoea were found during Ex-VH in both trials, but the magnitude of the increase in dyspnoea during Ex-VH with inspiratory resistance was larger than without inspiratory resistance.
DISCUSSION
The major findings of the present study are threefold. First, MAP increased significantly during dynamic submaximal leg exercise with inspiratory resistance. Second, brachial artery blood flow (inactive limb) increased during exercise without inspiratory resistance, Retrograde blood flow (ml min −1 ) Non-resistance −12 ± 8 −25 ± 12* −17 ± 7 F = 7.5, P < 0.05
TA B L E 3 Vascular variables during the submaximal exercise test
Resistance −12 ± 8 −24 ± 15* −32 ± 14* § Vessel diameter (mm) Non-resistance 3.9 ± 0.3 3.9 ± 0.3 4.0 ± 0.3 F = 0.7, n.s. Vessel diameter (mm) Non-resistance 9.3 ± 0.8 9.4 ± 0.8 9.4 ± 0.8 F = 1.0, n.s.
Resistance 9.3 ± 0.8 9.4 ± 0.8 9.3 ± 0.9
Values are means ± SD. Abbreviations: baseline, spontaneous breathing at rest; Ex-SB, spontaneous breathing during exercise; Ex-VH, voluntary hyperventilation during exercise; and RM, repeated measures. * † P < 0.05 versus baseline. # ‡ P < 0.05 versus Ex-SB. § P < 0.05 versus non-resistance. Values are means ± SD. * P < 0.05 versus baseline in the non-resistance trial. † P < 0.05 versus baseline in the resistance trial. ‡ P < 0.05 versus Ex-SB in the resistance trial. § P < 0.05 between non-resistance trial and resistance trial whereas it was attenuated in conditions of added inspiratory resistance. Third, femoral artery blood flow (active limb) was unaffected when inspiratory resistance was added. To our knowledge, this is the first study to report the effect of increased inspiratory muscle work during mild dynamic leg exercise on blood flow to both inactive and active limbs. Our findings show that during submaximal exercise when high levels of respiratory work are superimposed there is a sympathetically mediated redistribution of blood flow, whereby blood flow to the inactive limb is reduced and blood flow to the active limb is preserved in proportion to metabolic demand. We interpret our findings to mean that the respiratory muscle metaboreflex is present in conditions of submaximal exercise provided respiratory muscle work is sufficiently high.
It has been shown that an increase in the work of breathing elicits an increase in ABP and sympathetic vasomotor outflow in resting conditions (Sheel et al., 2001; Smith et al., 2017a; St Croix et al., 2000) and during mild leg cycling exercise (Katayama et al., , 2018 . This sympathoexcitation occurs through a respiratory muscleinduced metaboreflex (Dempsey, Amann, Romer, & Miller, 2008; Hill, 2000) . Consistent with this hypothesis, in the present study we found that inspiratory resistive breathing during dynamic leg exercise caused an increase in ABP (see Table 2 ; Figure 2 ). Collectively, it is conceivable that the inspiratory muscle-induced metaboreflex contributes an increase in ABP during exercise with inspiratory resistive breathing.
Does this respiratory muscle-induced metaboreflex elicit a change in blood flow to the inactive and active limbs during submaximal dynamic leg exercise? In the present study, during dynamic leg exercise with inspiratory resistance, brachial artery blood flow decreased (Figure 3a) , while femoral artery blood flow was unchanged (Figure 3b ).
These findings support our hypothesis that blood flow to the inactive limb can be reduced while blood flow to the active limb is maintained during mild dynamic leg exercise when the respiratory muscle-induced metaboreflex is activated.
We need to consider the mechanisms for changing blood flow in the inactive and active limbs with inspiratory resistance. As mentioned above, it has been reported that high inspiratory muscle activation induces an increase in sympathetic vasomotor outflow (Katayama et al., , 2018 Sheel et al., 2001; St Croix et al., 2000) . 
Limitations
One limitation of the present study was that only young men were included, which limits the generalizability of our findings.
However, the purpose of this study was to elucidate the effect of increasing inspiratory muscle work on blood flow to inactive and active limbs rather than to address potential sex-based differences.
There are sex-specific differences in how the autonomic nervous system regulates the human cardiovascular system (Joyner, Barnes, Hart, Wallin, & Charkoudian, 2015) . Young women appear to have an attenuated inspiratory muscle metaboreflex-induced increase in sympathetic vasomotor outflow and ABP compared with age-matched men (Katayama et al., 2018; Shimizu et al., 2017; Smith et al., 2016; Welch et al., 2018 
Perspective and significance
In the present study, blood flow to active limbs was maintained when inspiratory muscle work was increased. This result indicates that in healthy young male subjects, the increased vasoconstrictor activity through the inspiratory muscle metaboreflex does not affect mean blood flow to active limbs during submaximal intensities. However, there are several cases where blood flow to active muscle might be restrained during submaximal exercise where work of breathing and dyspnoea is high (e.g. elderly individuals or patients with respiratory disease or heart failure) . For example, in elderly persons, the work of breathing for a given ventilation is higher compared with younger individuals (Johnson, Badr, & Dempsey, 1994) .
This is attributable to a decrease in expiratory flow rates (Knudson, Clark, Kennedy, & Knudson, 1977; Smith, Kurti, Meskimen, & Harms, 2017c) , loss of elastic recoil (Knudson et al., 1977) and stiffening of the chest wall (Johnson et al., 1994) . Clinically, respiratory muscle activity plays an important role in limiting oxygen delivery (i.e. blood flow) in patients with chronic obstructive pulmonary disease (COPD) (Amann et al., 2010) and in chronic heart failure patients (Musch, 1993; Sullivan, Higginbotham, & Cobb, 1988) . Simon et al. (2001) investigated leg blood flow during exercise in COPD patients and found that blood flow to the exercising legs appeared to plateau during submaximal exercise in several COPD patients, despite the fact that total V O 2 (and work of breathing) continued to increase. It is well known that high levels of sympathetic vasoconstrictor activity, an increased work of breathing and dyspnoea commonly accompany heart failure.
For example, elevated sympathoexcitation during mild dynamic leg exercise has been reported (Notarius et al., 2015) . Additionally, vascular conductance and blood flow to the locomotor muscles are reduced during moderate-intensity exercise in a rodent model of chronic heart failure (Smith, Hageman, Harms, Poole, & Musch, 2017b) .
Further human research is needed to determine whether blood flow to active muscles is restrained during submaximal dynamic exercise in the elderly and in patients with cardiorespiratory disease.
Conclusion
In the present study, MAP increased during dynamic submaximal leg exercise with inspiratory resistance. Simultaneously, brachial artery blood flow (inactive limb) was reduced, while femoral artery blood flow (active limb) was maintained during submaximal leg exercise with inspiratory resistance. These results suggest that sympathetic control of blood flow redistribution to active limbs is facilitated, in part, by the respiratory muscle-induced metaboreflex.
